We construct an MSSM-like model from intersecting D-branes in Type IIA theory on the Z 2 × Z ′ 2 orientifold where the D-branes wrap rigid 3-cycles. Because the 3-cycles are rigid, there are no extra massless fields in the adjoint representation, arising as open-string moduli. The presence of these unobserved fields would create difficulties with asymptotic freedom as well as the prediction of gauge unification. The model constructed has four generations of MSSM matter plus right-handed neutrinos, as well as additional vector-like representations. In addition, we find that all of the required Yukawa couplings are allowed by global symmetries which arise from U (1)'s which become massive via a generalized Green-Schwarz mechanism. Furthermore, we find that the tree-level gauge couplings are unified at the string scale.
Introduction
At the present, string theory is the only framework for realization of a unification of gravitation with gauge theory and quantum mechanics. In principle, it should be possible to derive all known physics from the string, as well as potentially provide something new and unexpected. This is the goal of string phenomenology. However, in spite of this there exist many solutions that may be derived from string, all of which are consistent vacua. One of these vacua should correspond to our universe, but then the question becomes why this particular vacuum corresponds to the universe as we observe. One possible approach to this state of affairs is to statistically classify the possible vacua, in essence making a topographical map of the 'landscape'. One then attempts to assess the liklihood that vacua with properties similar to ours will arise. 1 Another approach is to take the point of view that there are unknown dynamics, perhaps involving a departure from criticality, which determine the vacuum that corresponds to our universe. Although these dynamics are presently not well understood, it is possible that by constructing models in the vicinity of this vacuum, we may gain a deeper understanding. Indeed, it may be the case that M-theory is a purely background independent quantum theory and string theory as presently formulated may simply be different representations of M-theory in terms of classical objects in specific backgrounds. Furthermore, it may be the case that the correspondence between the true quantum M-theory and the quantized classical string may not be one-to-one, thus leading to a proliferation of perturbative vacua. Regardless of the question of uniqueness, if string theory is correct then it should be possible to find a solution which corresponds exactly to our universe, at least in it's low energy limit. Although there has been a great deal of progress in constructing semi-realistic models, this has not yet been achieved.
It was once thought that deriving observed physics from string was only possible within the context of heterotic strings. For example, the best phenomenological GUT models that have been constructed have been done so within the context of weakly-coupled heterotic string theory, in particular those models built using free fermions on the world-sheet, which easily yields theories in four dimensions. The most successful of such models have been the flipped SU (5) models [5] , which are based upon the gauge group SU (5)× U (1) [6, 7] , as well as the MSSM-like 'FNY' model [8] . The reason for the success of the flipped models can be traced to the fact that flipped SU (5) does not require any Higgs adjoints to break the GUT symmetry and it has been shown that such representations are not possible with a k = 1 Kac-Moody algebra [9] . Although formulated in the context of weakly coupled heterotic string theory, it is believed that the flipped vacuum may in fact be non-perturbative due to it's proximity to special points in the moduli space and may elevate to a consistent vacuum of M-theory. Given the dualities which relate heterotic and Type I strings [10] , it may be conjectured that there exist a dual description of the free-fermionic models in terms of Type I strings.
An elegant approach to model construction involving Type I and Type II compactifications is where chiral fermions arise from strings stretching between D-branes intersecting at angles (Type IIA picture) [11] or in its T-dual (Type IIB) picture with magnetized Dbranes [12] . Many consistent standard-like and grand unified theory (GUT) models have been constructed [13, 14, 15, 16, 17] using D-brane constructions. The first quasi-realistic supersymmetric models were constructed in Type IIA theory on a T 6 /(Z 2 × Z 2 ) orientifold [18, 19] . Following this, models with standard-like, left-right symmetric (Pati-Salam), unflipped SU (5) gauge groups were constructed based upon the same framework and systematically studied [20, 21, 22, 23] . Several different flipped SU (5) models have also been built using intersecting D-brane constructions [17, 24, 25, 26, 27, 28] . 2 Although much progress has been made, none of these models have been completely satisfactory. Problems include extra chiral and non-chiral matter, and the lack of a complete set of Yukawa couplings, which are typically forbidden by global symmetries. In addition to the chiral matter which arises at brane intersections, D-brane constructions typically will have non-chiral open string states present in the low-energy spectrum associated with the D-brane position in the internal space and Wilson lines. This results in adjoint or additional matter in the symmetric and antisymmetric representations unless the open string moduli are completely frozen. These light scalars are not observed and are not present in the MSSM. While it is possible that these moduli will obtain mass after supersymmetry is broken, it would typically be of the TeV scale. While this would make them unobservable in present experiments, the succesful gauge unification in the MSSM would be spoiled by their presence. While it may be possible to find some scenarios where the problems created by these fields are ameliorated, it is much simpler to eliminate these fields altogether. One way to do this is to this is to construct intersecting D-brane models where the D-branes wrap rigid cycles. 3 Indeed, the absence of these adjoint states is consistent with a k = 1 Kac-Moody algebra in heterotic models, and we feel that this should be taken as a signpost for finding the conjectured dual vacuum.
In this paper, we construct an intersecting D-brane model on the Z 2 × Z ′ 2 orientifold background, also known as the Z 2 × Z 2 orientifold with discrete torsion, where the Dbranes wrap rigid cycles, thus eliminating the extra adjoint matter. This letter is organized as follows: First, we give some background of intersecting D-brane constructions on the Z 2 ×Z ′ 2 orientifold. We then proceed to construct a supersymmetric four-generation MSSMlike model. None of the required Yukawa couplings are forbidden in the model by global symmetries. We find that the tree-level gauge couplings are unified at the string scale.
2 Intersecting Branes on the Z 2 × Z 2 Orientifold with and without Discrete Torsion
The Z 2 × Z 2 orientifold has been the subject of extensive research, primarily because it is the simplest background space which allows supersymmetric vacua. We will essentially follow along with the development given in [32] . The first supersymmetric models based upon the Z 2 × Z 2 orientifold were explored in [18, 19, 20, 21] . In Type IIA theory on the T 6 /(Z 2 × Z 2 ) orientifold, the T 6 is product of three two-tori and the two orbifold group generators θ, ω act on the complex coordinates (z 1 , z 2 , z 3 ) as
while the antiholomorphic involution R acts as
As it stands, the signs of the θ action in the ω sector and vice versa have not been specified, and the freedom to do so is referred to as the choice of discrete torsion. One choice of discrete torsion corresponds to the Hodge numbers (h 11 , h 21 ) = (3, 51) and the corresponding to (h 11 , h 21 ) = (51, 3). These two different choices are referred to as with discrete torsion (Z 2 × Z ′ 2 ) and without discrete torsion (Z 2 × Z 2 ) respectively. To date, most phenomenological models that have been constructed have been without discrete torsion. Consequently, all of these models have massless adjoint matter present since the D-branes do not wrap rigid 3-cycles. However, in the case of Z 2 × Z ′ 2 , the twisted homology contains collapsed 3-cycles, which allows for the construction of rigid 3-cycles.
D6-branes wrapping cycles are specified by their wrapping numbers (n i , m i ) along the fundamental cycles [a i ] and [b i ] on each torus. However, cycles on the torus are, in general, different from the cycles defined on the orbifold space. In the case of the Z 2 × Z 2 orientifold, all of the 3-cycles on the orbifold are inherited from the torus, which makes it particulary easy to work with. A generic three-cycle for rectangular tori has the form
As discussed in [29] , orientifolds three-cycles Π T 6 a on the torus are arranged in orbits of length N under a Z N orbifold group, given by
where Θ j are the generators of the group Z N . This type of cycle should be considered a three-cycle in the orbifold space and is referred to as a 'bulk cycle'. The intersection number between two bulk cycles will be given by
The twisted homology of Z 2 × Z ′ 2 may be understood by considering that K 3 is the orbifold limit of T 4 /Z 2 . This orbifold contains 16 fixed points, from which arise 16 additional 2-cycles with the topology of P 1 ∼ = S 2 . The twisted homology of K3 × T 2 is then given by tensoring these 16 twisted 2-cycles with the homology of T 2 . Then, we must take into account the action of ω on this twisted homology space and on the collapsed P 1 's of K3, which is of the form ω : P 1 → qP 1 , where q = ±1 corresponds to the choice of discrete torsion. In the case with discrete torsion (q = −1), the invariant twisted cycles are h tw 21 = h tw 12 = 16. Thus, there are 32 collapsed 3-cycles for each twisted sector, which will not be the case without discrete torsion. A D6-brane wrapping collapsed 3-cycles in each of the three twisted sectors will be unable to move away from a particular position on the covering space T 6 .
A basis of twisted 3-cycles may be denoted as
[α
[α 
where the D6-brane is required to run through the four fixed points for each of the twisted sectors. The set of four fixed points may be denoted as S g for the twisted sector g. The constants ǫ θ a,ij , ǫ ω a,jk and ǫ θω a,ki denote the sign of the charge of the fractional brane with respect to the fields which are present at the orbifold fixed points. These signs, as well as the set of fixed points, must satisfy consistency conditions. However, they may be chosen differently for each stack.
A bulk cycle on the Z 2 × Z 2 orbifold space consist of the toroidal cycle wrapped by the brane D a and it's three orbifold images:
Each of these orbifold images in homologically identical to the original cycle, thus
If we calculate the intersection number between two branes using eq. 5, we will find
which indicates that the bulk cycles Π B a do not expand a unimodular basis for the homology lattice H 3 (M, Z). Thus, we must normalize these purely bulk cycles as [ [29, 32] . So, in terms of the cycles defined on the torus, the normalized purely bulk cycles of the orbifold are given by
Due to this normalization, a stack of N D6-branes wrapping a purely bulk cycle will have a U (N/2) gauge group in it's world-volume. However, this does not apply to a brane wrapping collapsed cycles, so that a stack of N branes wrapping fractional cycles as in eq. 9 will have in it's a world-volume a gauge group U (N ). Since we will have D6-branes which are wrapping fractional cycles with a bulk component as well as twisted cycles, we will need to be able to calculate the intersection numbers between pairs of twisted 3-cycles. For the intersection number between two twisted 3 cycles
where I g corresponds to the torus left invariant by the action of the orbifold generator g; specifically I θ = 3, I ω = 1, and I θω = 2.
Putting everything together, we will find for the intersection number between a brane a and brane b wrapping fractional cycles we will have
The 3-cycle wrapped by the O6-planes is given by
where the cross-cap charges q ΩRg give the RR charge and tension of a given orientifold plane g, of which there are two types, O6 (−,−) and O6 (+,+) . In this case, q ΩRg = +1 indicates an O6 (−,−) plane, while q ΩRg = −1 indicates an O6 (+,+) while the choice of discrete torsion is indicated by the product
The choice of no discrete torsion is given by q = 1, while for q = −1 is the case of discrete torsion, for which an odd number of O (+,+) must be present.
The action of ΩR on the bulk cycles is the same in either case, and is essentially just changes the signs of the wrapping numbers as n i a → n i a and m i a → −m i a . However, in addition, there is an action on the twisted 3 cycles as
Using these relations, one can work out the intersection number of a fractional cycle with it's ΩR image, we have
while the intersection number with the orientifold planes is given by
Representation Multiplicity Table 1 : Net chiral matter spectrum in terms of the three-cycles defined on the orbifold space.
A generic expression for the net number of chiral fermions in bifundamental, symmetric, and antisymmetric representations consistent with the vanishing of RR tadpoles can be given in terms of the orbifold cycles [33] which is shown in Table 1 .
Consistency and SUSY conditions
Certain conditions must be applied to construct consistent, supersymmetric vacua which are free of anomalies:
1. All RR-tadpoles and twisted charges must vanish, which ensures that all non-Abelian anomalies will cancel. This can be expressed in terms of the homology cycles as
2. N = 1 supersymmetry is preserved if and only if the angles of the three-cycle wrapped by a D-brane with the O6-planes is an element of SU (3):
Together with the RR-tadpole condition above, the NS-NS tadpoles will also be canceled.
3. In order to cancel the Abelian, mixed Abelian-non-Abelian, and mixed Abeliangravitational anomalies we must use a generalized Green-Schwarz mechanism. This typically results in several U (1) factors becoming massive. These remain as global symmetries to all orders in perturbation theory, and usually tightly constrain the matter couplings.
4. To cancel all of the RR-charges, we must also cancel those which arise via K-theory. D-brane charges are not classifed by homology groups, but rather by K-theory groups. Thus, the above RR-tadpole condition is not sufficient to ensure that all tadpoles are canceled.
RR and Torsion Charge Cancellation
With the choice of discrete torsion q ΩR = −1, q ΩRθ = q ΩRω = q ΩRθω = 1, the condition for the cancellation of RR tadpoles becomes
whilst for the twisted charges to cancel, we require
where the sum is over each each fixed point [e g ij ]. As stated in Section 2, the signs ǫ θ ij,a , ǫ ω jk,a , and ǫ θω are not arbitrary as they must satisfy certain consisitency conditions. In particular, they must satisfy the condition ij∈S g ǫ g a,ij = 0 mod 4 (25) for each twisted sector. Additionally, the signs for different twisted sectors must satisfy
Note that we may choose the set of signs differently for each stack provided that they satisfy the consistency conditions. A trivial choice of signs which satisfies the constraints place on them is just to have them all set to +1, i.e. 
We refer to this set of signs as Choice 1. Another possible non-trivial choice of signs consistent with the constraints is given by
We refer to this set of signs as Choice 2. In our construction, we will make use of both sets of signs in order to cancel the torsion charges.
Conditions for Preserving N = 1 Supersymmetry
The condition to preserve N = 1 supersymmetry in four dimensions is that the rotation angle of any D-brane with respect to the orientifold plane is an element of SU (3) [11, 18] . Essentially, this becomes a constraint on the angles made by each stack of branes with respect to the orientifold planes, viz θ 1 a + θ 2 a + θ 3 a = 0 mod 2π, or equivalently sin(θ 1 a + θ 2 a + θ 3 a ) = 0 and cos(θ 1 a + θ 2 a + θ 3 a ) = 1. Applying simple trigonometry, these angles may be expressed in terms of the wrapping numbers as
where R i 2 and R i 1 are the radii of the i th torus. We may translate these conditions into restrictions on the wrapping numbers as
where we have made the definitions
and the structure parameters related to the complex structure moduli are
where λ is a positive constant. One may invert the above expressions to find values for the complex structure moduli as
Equivalently, these conditions also follow from requiring Πa Im(Ω 3 ) = 0, and
where
and Ω 3 is the holomorphic three-form to which all D6-branes much be calibrated if they are to wrap supersymmetric cycles:
The Green-Schwarz Mechanism
Although the total non-Abelian anomaly cancels automatically when the RR-tadpole conditions are satisfied, additional mixed anomalies like the mixed gravitational anomalies which generate massive fields are not trivially zero [18] . These anomalies are cancelled by a generalized Green-Schwarz (G-S) mechanism which involves untwisted Ramond-Ramond forms.
Integrating the G-S couplings of the untwisted RR forms to the U (1) field strength F a over the untwisted cycles of T 6 /(Z 2 × Z ′ 2 ) orientifold, we find
where 
Besides the contribution to G-S mechanism from untwisted 3-cycles, the contribution from the twisted cycles should be taken into account. As in the untwisted case we integrate the Chern-Simons coupling over the exceptional 3-cycles from the twisted sector. We choose the sizes of the 2-cycles on the topology of S 2 on the orbifold singularities to make the integrals on equal foot to those from the untwisted sector. Consider the twisted sector θ as an example,
, with orientifold action taken again. Although i, j can run through each run through {1 − 4} for each of the four fixed points in each sector. However, these are constrained (by the wrapping numbers from the untwisted sector) so that only four possibilities remain. A similar argument may be applied for ω and θω twisted sectors:
D6 tw,θω a
In summary, there are twelve additional couplings of the Ramond-Ramond 2-forms B i 2 to the U (1) field strength F a from the twisted cycles, giving rise to massive U (1)'s. However from the consistency condition of the ǫ's (see section 3.1) related to the discrete Wilson lines they may be dependent or degenerate. So even including the couplings from the untwisted sector we still have an opportunity to find a linear combination for a massless U (1) group. Let us write down these couplings of the twisted sector explcitly:
Checking the mixed cubic anomaly by introducing the dual field of B i 2 in the diagram, we can find the contribution from both untwisted and twisted sectors having a intersection number form and is cancelled by the RR-tadpole conditions mentioned. These couplings determine the linear combinations of U (1) gauge bosons that acquire string scale masses via the G-S mechanism. Thus, in constructing MSSM-like models, we must ensure that the gauge boson of the hypercharge U (1) Y group does not receive such a mass. In general, the hypercharge is a linear combination of the various U (1)s generated from each stack :
The corresponding field strength must be orthogonal to those that acquire G-S mass. Thus we demand 
for the twisted couplings as well as 
K-Theory Constraints
As stated earlier, the RR charges are not fully classified by homological data, but rather by K-theory. Thus, to cancel all charges including those visible by K-theory alone, we require the wrapping numbers to satisfy
where the numbers Q a i are integers which depend on the 3-cycle wrapped by the brane a, which are given by 
Non-Chiral Matter
Non-chiral matter typically arises whenever two stacks of branes are parallel on at least one torus. Of course, the three adjoints which arise from the open string moduli are examples of non-chiral matter from strings which begin and end on the same stack. These adjoints may be removed by splitting the brane into it's fractional components which wrap different twisted cycles. However, whenever a brane a has been split into it's fractional components
non-chiral matter may also arise from the overlap between pairs of fractional D-branes. Indeed, one may compute the overlap between two such boundary states:
Due to the different signs for the twisted sector, it is found that in the loop channel amplitude
one massless hypermultiplet appears so that there are 6N chiral supermulitplets in the fundamental representation with respect to each U (N ) factor.
Supersymmetric Standard Model

Brane Configuration, Matter Spectrum and Yukawa Couplings
In order to cancel the torsion charges, we are essentially limited to sets of D-branes wrapping homologically identical bulk cycles. In the model shown in Table 2 , there are a total of nine stacks, labeled {a − i}. Each stack is wrapping a bulk cycle which belongs to the same regular representation as stack a or to it's ΩR image. With the choice of discrete torsion, q ΩR = −1, q ΩRθ = q ΩRω = q ΩRθω = 1, the torsion charges may be canceled by making a simple, though non-trivial, choice for the signs ǫ g ij,a . For stacks a, b, c, d, e, and g we make the nontrivial Choice 2 (as defined in Section 3.1) for the signs for the torsion charges. For the other stacks, we make the trivial Choice 1. For simplicity, all of the branes go through the same set of fixed points. Then, using the formulas given previously, we find the intersection numbers shown in Table 4 . The reader may check that with this configuration, all RR tadpole and torsion charges are cancelled.
The requirement for N = 1 SUSY to be preserved fixes all but one of the complex structure moduli. Again, due to the degeneracy of the of the stacks, this constraint is almost trivially satisfied. The structure parameters are given by
From these, we fix complex structure moduli as
The gauge group of the model is given by
, as may be seen from Table 3 . The hypercharge is given by
As discussed earlier, up to twelve U (1) factors may obtain a mass via the GS mechanism.
In order for U (1) Y hypercharge defined above to remain massless, it must be orthogonal to each of these factors. In this case, there are only four due to the degeneracy of the stacks. These U (1)'s remain to all orders as global symmetries and are given by
Note that the hypercharge is indeed orthogonal to each of these U (1) factors, and so will remain massless. Turning our attention to the chiral matter spectrum, we find the intersection numbers shown in Tables 4 and 5 . Using these intersection numbers and Table 1 , we obtain chiral matter in the representations shown in Table 6 . The 'observable' sector basically consists of a four-generation MSSM plus right-handed neutrinos. The rest of the spectrum primarily consists of vector-like matter, many of which are singlets under the MSSM gauge groups. Using the states listed in Table 5 , we may construct all of the required MSSM Yukawa couplings,
All of the MSSM fields are charged under the global symmetries, eqn. 56, which we have included in Table 6 . In this case, the charges are just right to allow all of the trilinear Yukawa couplings 4 , as the reader may verify. Thus it is possible to form rank-two Yukawa Stack Number of Branes Table 3 : Gauge groups arising from each stack of branes and angles (in units of π) between a brane P and the orientifold plane on the jth torus: θ Table 6 : The 'oberservable' spectrum of (
matrices and thereby generate mass for each generation of quarks and leptons. As we have mentioned, a complete set of Yukawa couplings is usually quite difficult to achieve in intersecting brane models. In addition to the standard MSSM Yukawa couplings, we may also form a trilinear Dirac mass term for the neutrinos,
which is allowed by the global symmetries. By itself, such a term would imply neutrino masses of the order of the quarks and charged leptons. However, if in addition, we can form a Majorana mass term for the right-handed neutrinos,
a see-saw mechanism may be employed. Indeed, such a mass term may be generated by E2 instanton effects [34, 35] . Thus, we may naturally accomodate very small left-handed neutrino masses, while simultaneously providing a large mass for the right-handed neutrinos.
In addition to the mass terms for quarks and leptons, there is the possibility for dan-gerous four-dimensional couplings which may induce rapid proton decay,
These operators are normally not present in the MSSM due to R-parity, and the reader may verify that these couplings are not allowed by the global symmetries in our model. So far, we have only discussed the field-theoretic Yukawa couplings. In intersecting D-brane models, the Yukawa couplings arise from world-sheet instantons bounded by the triplet of intersections involving the trilinear coupling of fields present at the intersections, as well as Wilson lines 5 . The instanton amplitudes are proportional to the worldsheet area bounded by the D-branes forming the triplet of intersections, ∼ e −A . Of particular interest for this model is that discrete torsion complexifies the Yukawa couplings and may introduce CP violation into the CKM matrix [37] .
In addition to the matter spectrum charged under the MSSM gauge groups and total gauge singlets, there is additional vector-like matter transforming under the 'hidden' gauge groups SU (2) c × SU (2) d × SU (2) e × SU (2) g . Upon inspection, it should be noticed that stacks c and d are wrapping homologically identical cycles, as are stacks e and g. By choosing appropriate flat directions, we may deform the fractional cycles wrapped by these stacks into bulk cycles such that
Thus, all of the matter transforming under these gauge groups may become total gauge singlets or becomes massive and disappears from the spectrum altogether.
There are also eight vector-like pairs present in the model which transform as 3 and3 states of SU (3) and have similar quantum numbers as the singlet d quarks. If this model turns out to be embedded in a larger grand unified theory, then these states may form part of the Higgs states necessary for breaking the GUT symmetry to the MSSM. For example, in flipped SU (5), the GUT Higgs states are 10 and 10 representations of SU (5), which decompose as 10 = (3, 2) + (3, 1) + 1, 10 = (3,2) + (3,1) +1.
Thus, if this model is flipped SU (5) in an explicitely broken form, then these extra vectorlike 3 and3 states present in the model would fit nicely inside these representations.
Gauge Coupling Unification
The MSSM predicts the unification of the three gauge couplings at an energy ∼ 2×10 16 GeV. In intersecting D-brane models, the gauge groups arise from different stacks of branes, and so they will not generally have the same volume in the compactified space. Thus, the gauge couplings are not automatically unified. The low-energy N = 1 supergravity action is basically determined by the Kähler potential K, the superpotential W and the gauge kinetic function f . All of these functions depend on the background space moduli fields. However, this dependence should be given in terms of the moduli s, t and u in the field theory basis, in contrast to the S, T and U moduli in the string theory basis [38] . The field theory s, u and t moduli may be related to the corresponding string theory S, U and T moduli in Type IIA theory by
where the U moduli may are fixed by the supersymmetry constraints and are given by U j = iα ′ χ j , and φ 4 is the four-dimensional dilaton. For branes wrapping cycles not invariant under ΩR, the holomorphic gauge kinetic function for a D6 brane stack P is given by [30] 
from which it follows 6 (with θ P = 0 for Z 2 × Z 2 )
while the gauge coupling constant associated with a stack P is given by
Thus, we identify the SU (3) holomorphic gauge function with stack a, and the SU (2) holomorphic gauge function with stack h. The U (1) Y holomorphic gauge function is then given by taking a linear combination of the holomorphic gauge functions from all the stacks.
Now, the products of wrapping numbers in eq. 64 are the same for each of the stacks in the model. Therefore, each stack will have precisely the same kinetic gauge function, f 0 . Using the definition of
Thus, it follows that the tree-level MSSM gauge couplings will be unified at the string scale:
The fact that the gauge couplings are automatically unified strongly suggest an embedding in a larger gauge group, and the normalization factor of 5/3 on the hypercharge implies that this is an SU (5) (flipped or otherwise) embedding. Of course, this unification is a direct consequence of the fact that the bulk cycles wrapped by the different branes are all homologically identical. However, it may be viewed as a non-trivial result since the U (1) Y factor is not an arbitrary linear combination. It must remain massless after applying the G-S mechanism, as well as provide the correct charges for the MSSM fields. The fact that such a linear combination exist and gives the expected normalization at the unification scale is quite remarkable.
Conclusion
In this paper, we have constructed an intersecting D-brane model on the Z 2 × Z ′ 2 orientifold background, also known as the Z 2 × Z 2 orientifold with discrete torsion, where the Dbranes wrap rigid cycles, thus eliminating the extra adjoint matter. We believe that the absence of these adjoints is consistent with the existence of a k = 1 Kac-Moody algebra in the free-fermionic models constructed from heterotic string. The model constructed is a supersymmetric four generation MSSM-like model. None of the required Yukawa couplings are forbidden in the model by global symmetries. This is usually a major problem in interesecting D-brane constructions as most Yukawa couplings are typically not allowed. We consider the presesence of these couplings to be a significant feature of the model. In addition, we find that the tree-level gauge couplings are unified at the string scale with a normalization consistent with an SU (5)-type embedding. Indeed, if this intersecting Dbrane model is in fact dual to the free-fermionic models as suggested by the absence of adjoints, this is likely to be a flipped SU (5).
The main drawback of this model is that there are four generations of MSSM matter. However, the existence of a possible fourth generation is rather tightly constrained. Of course, the actual fermion masses await a detailed analysis of the Yukawa couplings. The emergence of three light generations may in fact be correlated with each of the three twisted sectors, as is the case in the free-fermionic models. An interesting possibility is that the presence of discrete torsion will complexify the Yukawa couplings and thereby introduce CP violation into the CKM matrix. Clearly, there is much work to be done to work out the detailed phenomenology of this model. We plan to return to this topic in the near future. With the LHC era just around the corner, it would be nice to have testable string models in hand.
We believe that the intersecting D-brane models may be a nice geometrical, dual representation of the free-fermionic models and we have used the absence of adjoint matter in these models as a guide. This does not mean full equivalence, but rather some subclass of them which are equivalent. In other words, we believe there must exist a subclass of D-brane models such that:
• There is no non-Abelian symmetric matter.
• There are no adjoints.
• ALL required Yukawa couplings for u quarks, d quarks, and neutrinos are present.
• There is an acceptable low-energy phenomenology.
We believe that the model we have constructed represents progress towards these goals.
